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Cell mutants of the Ku nuclear DNA-binding complex are ionizing radiation sensitive and show V(D)J
recombination defects. Ku binds and activates a catalytic subunit of DNA-dependent protein kinase (DNA-PK),
although the substrates for DNA-PK are unknown. We found that scid cell extracts were deficient in Ku
phosphorylation by DNA-PK. Human chromosome 8-complemented scid cells, containing the human DNA-PK
catalytic subunit, restored Ku phosphorylation. Likewise, radiation-induced RPA hyperphosphorylation was
not completed in scid cells compared with control or chromosome 8-reconstituted cells. Thus, the inactivity of
DNA-PK is likely responsible for the repair and recombination defects in scid cells.

Eukaryotic cells respond to incidents of DNA damage by
combining cell cycle delays with the functioning of repair
mechanisms. For damage caused by ionizing radiation (IR),
double-strand break (DSB) repair is needed to overcome the
major cytotoxic and mutagenic lesions formed. The interplay
between DNA repair and cell cycle progression is essential for
maintenance of genome stability and avoidance of cancer ini-
tiation steps, as IR damage is both mutagenic and carcinogenic
(24, 43, 62).

In mammals, the DSB repair pathway bears a striking re-
semblance to part of the V(D)J recombination mechanism
with regard to the structures of the DNA products. Likewise,
mutant phenotypes attributable to specific gene lesions that
affect both processes have been described. The immunodefi-
ciency of scid mice is manifested by a failure to complete
V(D)J recombination (55). Whereas RAG-1- and RAG-2-pos-
itive scid cells can relatively effectively complete recombination
signal sequence joining, the mutation causes an extreme coding
junction formation deficiency (26, 28, 29, 38, 42). Interestingly,
scid cells are also sensitive to DNA damage by agents gener-
ating lethal DSBs, such as IR (3, 20, 27). In addition, three
other mutational groups that were originally identified as IR®
mutants were also found to be deficient in formation of both
V(D)J recombination products (35, 47, 61).

The molecular basis of DSB repair has recently been accel-
erated by the identification of the products of the Ku genes as
important components of the mechanism. Ku is an abundant
nuclear heterodimer of 70- and 86-kDa subunits that binds to
DSBs in DNA, an activity that is likely relevant to DSB repair
(4, 13, 18, 23, 44, 45, 67). Biochemically purified Ku tightly
binds to DNA ends and alterations in a DNA sequence-inde-
pendent manner. Two of the IR®, V(D)J recombination-defi-
cient mutational groups, XRCC5 and sxi-1, are defective for Ku
DNA end binding activity in in vitro assays (6, 7, 50, 51, 59).
XRCCS5 group IR® mutants are restored for IR repair and
V(D)J recombination defects by introduction of the Ku large-
subunit p86 gene (6, 56, 59). The XRCCS5 gene colocalizes with
Ku p86 on human chromosome 2 (9, 30, 31, 59), and two
XRCCS5 mutants, sxi-2 and sxi-3, do not produce Ku p86
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mRNA stably (6). Therefore, it is likely that Ku p86 defects are
responsible for the XRCC5 mutants.

Ku associates in cells with a large protein kinase, of at least
350 kDa (10, 36, 65), indicating a possible role for a larger
protein complex in DSB repair. p350 and Ku function together
as a DNA-dependent protein kinase (DNA-PK) in which p350
is the catalytic subunit (DNA-PK,) that is stimulated by DNA
ends via Ku (16, 17, 22, 65). In fact, the p350-Ku complex
association is highly stimulated by the presence of DNA ends
in vitro (58). XRCC5 mutants, deficient for Ku functions, are
devoid of DNA-PK activity (19), in keeping with this pattern.
Recently it was shown that scid group cells are defective in
DNA-PK activity and complemented by a yeast artificial chro-
mosome containing the DNA-PK_ gene (5, 34). DNA-PK
phosphorylates numerous substrates including Ku, p53, Rb,
topoisomerase II, simian virus 40 T antigen, replication protein
A (RPA), and several transcription factors, in vitro (1), but the
true substrates for DNA-PK have yet to be identified.

Here we show that scid cells are deficient in two DNA-PK
activities, the ability to phosphorylate Ku in vitro and radia-
tion-induced RPA phosphorylation in vivo. scid cells that were
complemented by human chromosome 8 and had an intro-
duced human DNA-PK_, were restored for both the Ku and
RPA phosphorylation properties. The inactivity of the scid
DNA-PK complex likely contributes to the failure in DSB
repair functions, including Ku and RPA phosphorylation.

MATERIALS AND METHODS

Cell culture and radiolabeling. The cell lines ScSV3, SCH8-1, SCH8-2, NIH
3T3, and CB-1 were cultured in Dulbecco modified Eagle medium (DMEM)
with 10% inactivated fetal bovine serum (FBS) containing nonessential amino
acids and penicillin-streptomycin as previously described (2, 27). CB-1 fibroblasts
are derived from the CB17 mouse strain, which is isogenic for scid (57). LAZ388,
an Epstein-Barr virus-immortalized human B-cell line, was grown in RPMI plus
10% FBS. GM639 (Human Genetic Mutant Cell Repository, Camden, N.J.) was
obtained from Ray Monnat. MO59J and MOS59K cells were generously donated
by Joan Turner (37). Ku-deficient and murine fibroblast cell lines were grown as
previously described (2, 6, 7, 27).

Radiolabeling with [*>S]methionine was performed as follows. Exponentially
growing cells (1 X 10° to 2 X 10%100-mm-diameter plate) were preincubated
with 3 ml of methionine-free DMEM with 10% dialyzed FBS for 1 h and then
radiolabeled with 300 p.Ci of [**SJmethionine (duPont-NEN) for 4 h. Radiola-
beling with 3*P; was conducted by washing exponentially growing cells (1 X 10°
to 2 X 10°100-mm-diameter plate) in 5 ml of phosphate-free medium without
serum and then replacing the medium with 3 ml of phosphate-free medium with
10% dialyzed FBS and **P; (1.5 mCi; duPont-NEN) for 12 to 16 h.

Alternatively, SCHS-1 and ScSV3 cells were treated with 0 to 2,000 rad of y



VoL. 15, 1995

irradiation (°°Co source; courtesy of Peter Mauch) prior to 32P; labeling as
described above for 2 h.

Lysates, immunoprecipitation, and Western blotting (immunoblotting). For
immunoprecipitation analysis, radiolabeled cells were washed one time in phos-
phate-buffered saline (PBS), trypsinized, washed in DMEM plus serum, washed
in PBS in a microcentrifuge tube, and lysed by resuspension in ice-cold buffer A
(50 mM Tris-Cl [pH 8.0], 0.5% Nonidet P-40, 150 mM NaCl, 10 mM EDTA, 1.33
mM phenylmethylsulfonyl fluoride, 1 ug of leupeptin per ml, 1 ug of aprotinin
per ml, 1 ng of pepstatin per ml). Lysates were incubated on ice for 15 to 30 min
and then spun at top speed in a 4°C microcentrifuge for 20 min. Lysates were
used directly in immunoprecipitations by the addition of antibody reagents or
were stored at —80°C.

Antibodies used in immunoprecipitation analysis were as follows. The anti-Ku
and anti-DNA-PK reagents, HT, GE2-9.5, and 111, and anti-p350 have been
previously described (6, 7, 36, 51, 52, 58). HT reacts with human or rodent Ku
p70 protein and coprecipitates the other Ku subunit, p86. GE2-9.5 and 111 are
anti-human Ku p86 antibodies. The anti-DNA-PK antiserum was AB145 from
Carl Anderson. The anti-RPA antiserum (SSB) reacts with both human and
rodent cell RPA. Following primary antibody incubation for 1 to 16 h at 4°C,
antibody complexes were precipitated with 25 ul of preswollen protein A-Sepha-
rose (Pharmacia) for 1 h. Then precipitates were washed three times in ice-cold
buffer A, transferred to a new microcentrifuge tube, suspended in 25 pl of
sample buffer (50 mM Tris-Cl [pH 7.0], 2% sodium dodecyl sulfate [SDS], 720
mM B-mercaptoethanol, 5 mg of bromophenol blue per ml), boiled for 5 min,
and fractionated on SDS-polyacrylamide gels as specified in the text and figure
legends. SDS-polyacrylamide gels were then developed by using Autofluor (Na-
tional Diagnostics) as instructed by the supplier and subjected to autoradiogra-
phy.

Western blots were prepared by transfer onto nitrocellulose paper (BASS;
2-pm pore size; Schleicher & Schuell) essentially as described previously (41, 49).
Immunoblots were detected by using a mixture of protein A- and protein G-
coupled horseradish peroxidase (Pierce) followed by a chemiluminescence sys-
tem (Renaissance; Du Pont-NEN) as instructed by the suppliers.

dsDNA beads. Double-stranded DNA (dsDNA)-containing beads (dsDNA
beads) were prepared as follows. Calf thymus DNA (Sigma) was sonicated to an
average size of 1.5 kb. DNA coupling to cyanogen bromide-activated Sepharose
(Sigma) was carried out in 0.5 M NaPO, (pH 8.4)-10 mg of sonicated DNA per
ml at room temperature overnight with rocking. The excess of ligand was washed
away with 0.5 M NaPO, (pH 8.4), and remaining active groups were blocked with
0.2 M glycine-0.5 M NaPO, (pH 8.4).

DNA end binding. Mobility shift gel electrophoresis was used to confirm
functional Ku activity in scid and positive and negative control cells as described
previously (6, 7). MO59J and MO59K nuclear extracts were similarly prepared.
Approximately 1 ng of a 159-bp 3?P-labeled Pvull-Xmal fragment of plasmid
pJH290 was used for DNA end binding in the presence of a 500- to 1,000-fold
excess of circular DNA. scid and control cell extracts for DNA end binding were
prepared as described previously (21, 50), and 0.8 wg of extract was mixed with
the DNA for 10 min. Gel shifts were then fractionated at room temperature as
described previously (6, 7).

In vitro protein kinase assays. Cell lysates were prepared from 5 X 107 to 10
% 107 cells (10 to 20 100-mm-diameter plates) by washing cells one time in PBS,
scraping each plate of cells in 1 ml of PBS, pelleting the total cell harvest,
washing the cells one time in 1 ml of buffer B (10 mM Tris-Cl [pH 7.5], 25 mM
KCI, 10 mM NaCl, 1.5 mM MgCl,, 0.1 mM EDTA, 1.33 mM phenylmethylsul-
fonyl fluoride, 1 wg of leupeptin per ml, 1 pg of aprotinin per ml, 1 pg of
pepstatin per ml). The total packed cell volume was then adjusted with 1 packed
cell volume of buffer B and frozen on dry ice. Following thawing on ice, samples
were centrifuged for 10 min at 4°C to pellet debri, and the freeze-thaw cell
extract supernatant (3 to 5 wg/ml) was used immediately.

Six hundred micrograms of the freeze-thaw extract was combined with 25 pl of
dsDNA beads in 200 to 400 pl of buffer B and incubated for 2 h at 4°C on a
LabQuake Shaker rotator. After brief spinning to pellet dSDNA beads, the beads
were washed with 200 pl of buffer B and then with 200 wl of 1X wash buffer (50
mM Tris-Cl [pH 7.5], 100 mM KCI, 10 mM MgCl,). dsDNA beads were sus-
pended in 50 wl of 1X kinase buffer, consisting of 1X wash buffer with 1.33 uM
ATP and 150 p.Ci of [y->?P]ATP (6,000 Ci/mmol; Du Pont-NEN), and incubated
with intermittent shaking at 32°C for 10 min. dsDNA beads were then washed in
200 pl of 1x wash buffer without ATP, and labeled protein was eluted from the
beads in 200 pl of 1X wash buffer with 0.5 M KCI at 4°C for 1 to 2 h. Superna-
tants from dsDNA beads were then either directly fractionated on SDS-poly-
acrylamide gels or immunoprecipitated with an anti-Ku antiserum as described
above.

Kinase assays from immunoprecipitates were set up as follows. LAZ388 cell
lysates from buffer A were immunoprecipitated with an anti-Ku antiserum,
bound to protein A-Sepharose, and washed as described above in buffer A.
Protein A beads were washed with 1X wash buffer (100 pl for 25 ul of beads) and
resuspended in 50 pl of 1X kinase buffer as described for dsSDNA beads. Reac-
tions were stopped by centrifugation and washing in 200 .l of 1X wash buffer
without ATP, and then the mixtures were boiled in 25 ul of sample buffer in
preparation for SDS-polyacrylamide gel electrophoresis (PAGE).
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RESULTS

scid cells are deficient in Ku phosphorylation by an associ-
ated protein kinase. DSB repair in mammalian cells is gov-
erned by the nuclear DNA end-binding DNA-PK complex.
The Ku-associated DNA-PK_; may control DSB repair by a
requirement for its kinase activity on specific proteins also
involved in the same processes. Although the relevant sub-
strates for DNA are unknown, important substrates for
DNA-PK activity may be the components of DNA-PK itself:
Ku p70, Ku p86, and/or DNA-PK_,. Ku is phosphorylated by
biochemically purified DNA-PK (36), as are a number of ad-
ditional proteins added as substrates (1). We have used the
DNA binding properties of Ku to examine the activity of
DNA-PK and its associated proteins by binding on dsDNA
beads.

For the initial experiments, we used human LAZ388 Ep-
stein-Barr virus-immortalized B cells, which produce function-
ally active Ku as evidenced by DNA end binding (6, 7).
LAZ388 cells were metabolically labeled with [*>S]methionine,
and freeze-thaw lysates were prepared as described in Mate-
rials and Methods. LAZ388 whole cell lysates were proven to
contain the previously characterize 1:1 association of Ku p70
and p86 subunits by immunoprecipitation with the anti-Ku p86
monoclonal antibody (MAb) GE2-9.5 (Fig. 1A). Second,
dsDNA beads were added to equal aliquots of the LAZ388
whole cell extracts in the presence of excess circular DNA or
linear DNA (sonicated salmon sperm DNA) or in the absence
of added DNA. Following binding and washing in low-salt
buffer B, bound protein was eluted in high salt (0.5 M KCl) and
immunoprecipitated with GE2-9.5. Nearly all of the Ku that
could be immunoprecipitated from the whole cell lysate was
also observed to bind to DNA beads in the absence of a DNA
competitor (Fig. 1A). An excess of circular DNA did not ap-
preciably interfere with Ku binding to dsDNA beads. However,
the presence of excess linear DNA competed with Ku associ-
ation to dsDNA beads. Thus, we infer that Ku associates with
dsDNA beads via the DNA ends.

If Ku can be effectively bound to dsDNA beads, then Ku-
associated proteins such as DNA-PK_ may also be bound,
potentially exhibiting DNA-PK activity. Protein kinase func-
tion was evaluated by in vitro phosphorylation studies in two
ways. First, we prepared the dsSDNA bead-bound protein frac-
tion from LAZ388 lysates as described above. In parallel,
LAZ388 lysates were immunoprecipitated with GE2-9.5 fol-
lowed by protein A beads. In vitro kinase assays were run on
both the dsDNA and protein A bead fractions. We found that
both the p70 and p86 Ku subunits were highly phosphorylated
in vitro, although p70 phosphorylation was 5- to 10-fold greater
than p86 phosphorylation (Fig. 1B). The ratio of Ku p70 to p86
phosphorylation was the same in both kinase conditions. Be-
cause of the similarity in these patterns, we infer that the active
kinase is associated with Ku in both contexts.

Since purification of DNA-PK ordinarily copurifies Ku, we
inspected the retention of the p350 subunit of DNA-PK under
the dsDNA bead assay conditions. Unlabeled GM639 cells
(simian virus 40-transformed human fibroblasts) were lysed in
buffer A as described in Materials and Methods. One-half of
the lysed cell volume was treated by immunoprecipitation with
an anti-Ku p70 antibody (HT) and then subjected to protein
A-Sepharose absorption. The other half was incubated with
dsDNA beads as described above. Following cofractionation of
both samples on an SDS-6.5% polyacrylamide gel, protein was
transferred to nitrocellulose and probed by immunoblotting
with an anti-DNA-PK antiserum. We found an approximately
350-kDa protein that specifically reacted with this antiserum,
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FIG. 1. Association of DNA-PK to DNA beads via the Ku-p350 interaction with DNA. (A) Following [>*S]methionine metabolic labeling, LAZ388 (human) B-cell
lysates were bound to dsDNA beads (Materials and Methods) either in the absence of DNA or in the presence of circular DNA or linear dsSDNA. The fraction of Ku
bound to beads was determined for eluted proteins by immunoprecipitation with anti-Ku MAb GE2-9.5. In parallel, [*>S]methionine-radiolabeled LAZ388 B-cell lysates
were directly immunoprecipitated with GE2-9.5 (IP). Protein was fractionated on an SDS-10% polyacrylamide gel. (B) Phosphorylation of Ku associated with dsDNA
beads. Unlabeled LAZ388 cell lysates were either bound to dsDNA beads or immunoprecipitated with anti-Ku MAb 111 and then subjected to protein A-Sepharose
binding. Either dsDNA beads or protein A beads were incubated with [y-**P]JATP. Following washing, Ku was eluted and immunoprecipitated with MAb GE2-9.5.
Samples were fractionated on an SDS-10% polyacrylamide gel with 3>S-labeled and GE2-9.5-immunoprecipitated samples to display the 70- and 86-kDa Ku subunits.
(C) Immunoblot of anti-p350. DNA-PK association to dsDNA beads was examined by comparing the dsDNA bead-bound fraction with Ku-associated protein in an
immunoprecipitation with anti-Ku MAb GE2-9.5 and displayed on an SDS-6.5% polyacrylamide gel. Positions of molecular weight standards are indicated in

kilodaltons on the left.

indicating that p350 was tightly associated with DNA beads
and with Ku (Fig. 1C). The signal detected by Western blotting
comigrated with p350 from [**S]methionine-radiolabeled cells
immunoprecipitated with the same antibody (data not shown).
Importantly, the levels of p350 bound to Ku and to dsDNA
beads were quantitatively similar, suggesting that all of the
p350 that was bound to the dsDNA beads was likely bound via
Ku. Thus, the application of dsSDNA beads has great utility for
examining Ku-associated DNA-PK activity.

We investigated the scid mutation in light of these findings
because scid was a strong candidate for a Ku-associated pro-
tein, given the similarity in mutant repair and recombination
phenotypes of the scid and Ku-deficient complementation
groups (3, 6, 7, 20, 27, 56, 59). Cell lysates from scid and
wild-type cell lines were compared for the efficiency of Ku
phosphorylation in vitro. dSDNA beads were used to bind to
Ku and associated proteins as described above for the human
cells. We observed that dsDNA-bound protein from scid ly-
sates yielded a significantly depressed level of Ku phosphory-
lation in vitro compared with wild-type control cells (compare
results for ScSV3 and NIH 3T3 cells in Fig. 2A). Upon longer
autoradiography, the scid samples had detectable kinase activ-
ity. We estimate an approximately 10-fold-greater level of Ku
phosphorylation for wild-type cells. To confirm that scid cell
lines had normal Ku levels, [**S]methionine-radiolabeled scid
and control extracts were immunoprecipitated with an anti-Ku
antiserum (HT). ScSV3 cells yielded levels of the Ku p70-p86
complex comparable to those for mouse wild-type cell line
controls (data not shown). Therefore, scid cells produce nor-
mal levels of Ku but are poorly able to phosphorylate Ku
bound to dsDNA beads in vitro, consistent with a loss of
DNA-PK activity.

scid cells complemented with human chromosome 8 express
human DNA-PK_,. The results presented above strongly sug-
gested a correspondence between scid protein function and
DNA-PK activity. If the scid gene encodes the p350 subunit of
DNA-PK (DNA-PK_,), then human chromosome 8-containing
cells that complement the scid mutant phenotypes should also
score positive for human p350 protein by [*>S]methionine met-
abolic labeling and immunoprecipitation tests. Human, but not
mouse, controls were positive with the anti-p350 reagent (Fig.
3). In addition, two cell lines that were restored for scid DNA
repair and recombination functions by addition of human

chromosome 8 (SCH8-1 and SCHS8-2 [2]) had abundant im-
munoprecipitable p350. Therefore, the human p350 subunit of
DNA-PK is located on chromosome 8, where the scid gene had
been mapped by complementation analysis. During the course
of this work, others showed that the scid mutation closely
corresponds to the absence of DNA-PK activity and that yeast
artificial chromosomes containing human DNA-PK_, comple-
ment scid functions (5, 34, 48).

The chromosome 8-reconstituted scid cell lines were there-
fore appropriate for testing the reconstitution of DNA-PK
activity on the Ku substrates. Extracts from the SCHS8-1 human
chromosome 8-complemented cell line promoted a high level
of Ku phosphorylation in vitro from dsDNA beads (Fig. 2A).
SCHS8-1 restored both Ku p70 and p86 phosphorylation in
approximately the same ratio as for wild-type control cells. In
fact, the SCHS8-1 phosphorylation levels consistently exceeded
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FIG. 2. Ku phosphorylation is defective in scid cells. (A) scid and control cell
lysates were mixed with dsDNA beads to bind Ku and associated proteins as
described in the text. Proteins bound to beads were incubated with [y->?P]ATP,
eluted, and immunoprecipitated with an anti-Ku antiserum (HT), and fraction-
ated on an SDS-10% polyacrylamide gel. Cell lines used were ScSV3 (scid), NIH
3T3 (wild type), and SCHS8-1, a derivative of ScSV3 with an introduced chro-
mosome 8 complementing the scid mutation. Sizes of markers are indicated in
kilodaltons on the left. (B) Measurement of DNA end binding capacity of Ku by
gel shift of scid and control extracts. Conditions for extract preparation, DNA
labeling, and mobility gel shift were as described in Materials and Methods. All
lines used were V79-4 (wild-type Chinese hamster), sxi-/ (Ku-deficient derivative
of V79-4), LAZ388 (human B cell), and 8D (scid mouse pre-B cell). Arrows in
panels B and C denote positions of DNA end-binding complex A. (C) DNA end
binding with MO59J and MOS59K nuclear extracts, which are DNA-PK  nega-
tive and DNA-PK_ positive, respectively (37).
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FIG. 3. The DNA-dependent protein kinase p350 gene is located on human
chromosome 8. Mouse and human cell lines, including scid and control cells,
were radiolabeled with [3*S]methionine as described in Materials and Methods.
Cell lysates were immunoprecipitated with an anti-p350 antibody and then sub-
jected to absorption to protein A-Sepharose, washing, boiling in buffer B, and
fractionation on an SDS-6.5% polyacrylamide gel. The cell lines used were
ScSV3 (scid), SCH8-2 and SCHS-1 (IR" scid, with added human chromosome 8),
L (mouse wild type), and GM639 and LAZ388 (human). Positions of protein
molecular weight markers are displayed in kilodaltons on the right.

that of the wild-type mouse controls. Therefore, return of an
active DNA-PK_ to scid cells by introduction of human chro-
mosome § also reconstituted DNA-PK activity for the Ku sub-
strates that are themselves involved in DSB repair.

DNA end binding does not require DNA-PK phosphoryla-
tion of Ku. DNA-PK-dependent Ku phosphorylation may be
physiologically important for the biochemical properties of Ku.
Specifically, Ku DNA end binding may be influenced by phos-
phorylation. However, we found by mobility shift gel electro-
phoresis that murine scid cells had a qualitatively normal level
of the Ku DNA end-binding complex compared with V79-4
(Chinese hamster) and LAZ388 (human) cell lines (Fig. 2B).
Because we were able to see some Ku phosphorylation in scid
extracts with Ku bound to dsDNA beads (Fig. 2A), it was
possible that the murine scid mutation was not a null mutation
for the DNA-PK kinase activity. Thus, we examined another
cell line that was DNA-PK deficient. The human glioblastoma
cell lines MO59K and MOS59J differ in that DNA-PK is ex-
pressed and not expressed, respectively (37). The absence of
DNA-PK,, correlates with the IR sensitivity of MO59J. MO59J
and MO59K had equivalent levels of DNA end binding activ-
ities in nuclear extracts (Fig. 2C). Thus, Ku DNA end binding
does not require the activity of DNA-PK_..

Radiation-induced RPA hyperphosphorylation is defective
in scid cells. Cells that are damaged by radiation have induced
changes in the phosphorylation state of several proteins (12,
63, 64). We previously showed that the single-stranded DNA-
binding protein RPA is hyperphosphorylated in a IR-inducible

hu scid
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DNA damage response (41). The p34-kDa subunit of RPA
(p347F*) was phosphorylated at multiple serine and threonine
phosphorylation sites such that a mobility shift of phosphory-
lated products was readily detected by gel electrophoresis (41).
The pattern of radiation-inducible phosphorylation was the
same as that found in a normal S and G, phases in mammalian
cells (14, 15). During the progress of our investigations, it was
demonstrated that p34%*! hyperphosphorylation during sim-
ian virus 40 DNA replication in vitro is controlled by DNA-PK
(8). Also, DNA-PK was independently purified as an RPA
kinase (46). These results motivated us to examine RPA hy-
perphosphorylation in scid and control cells to discriminate
additional DNA-PK functions.

scid and mouse or human control cells were incubated over-
night with *?P; in phosphate-free medium (Materials and
Methods), a method that causes RPA hyperphosphorylation by
virtue of radiation damage from *?P decay. In parallel, the
same cell lines were metabolically labeled with [**S]methionine
for 4 h. Then cell lysates were immunoprecipitated with an
anti-RPA polyclonal antiserum (SSB) and fractionated on an
SDS-12% polyacrylamide gel. **P-radiolabeled LAZ388 (hu-
man) cells produced an extensively hyperphosphorylated
p34%F4 form (p36 [41]) compared with the mobility of p34%/
in the absence of phosphorylation as determined by [**S]me-
thionine radiolabeling and immunoprecipitation (Fig. 4A,
lanes 1 and 2). We found essentially no intermediate-mobility
phosphorylated forms indicative of partial phosphorylation.
scid and control mouse cell lines that were also labeled by
[*>*S]methionine had the expected immunoprecipitable RPA
subunits of 70, 34, and 11 kDa (ScSV3 and NIH 3T3 cells; Fig.
4A, lanes 4 and 6). Examining the **P;-radiolabeled samples,
we found that NIH 3T3 and ScSV3 cells differed significantly in
the hyperphosphorylated forms of the p34 subunit that were
produced (Fig. 4A). NIH 3T3 cells yielded two groups of hy-
perphosphorylated forms (approximately 35 and 36 kDa), in
which the 36-kDa group was usually more abundant. In con-
trast, the scid cells generated only the smaller of these two
forms (35 kDa) and thus had incompletely phosphorylated
p34%F1 in the radiation-induced DNA damage response.

In keeping with restoration of other scid mutant phenotypes
by the addition of chromosome 8, we tested whether the con-
trol pattern of p34”*** hyperphosphorylation may also be re-
constituted. **P;-radiolabeled SCHS8-1 cells yielded the p347-
hyperphosphorylation pattern of the wild-type mouse cell con-
trol line, CB-1, or NIH 3T3 (Fig. 4B). Thus, the RPA hyper-
phosphorylation property attributed to DNA-PK activity could
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FIG. 4. RPA hyperphosphorylation is deficient in scid cells. scid and control cell lines were radiolabeled with *2P;, which also induces radiation damage, as described
in Materials and Methods. Cell lysates were immunoprecipitated with an anti-RPA antiserum (SSB). In parallel, [**S]methionine-radiolabeled lysates were immuno-
precipitated with SSB. (A) Samples were cofractionated on an SDS-12% polyacrylamide gel. Cell lines: human (LAZ388), lanes 1 and 2; scid (ScSV3), lanes 3 and 4;
wild-type mouse (NIH 3T3), lanes 5 and 6. 3*P; radiolabeling, lanes 1, 3, and 5; [**S]methionine radiolabeling, lanes 2, 4, and 6. (B) *?P; and [**S]methionine-
radiolabeled samples of the indicated cells were fractionated following SSB immunoprecipitation. Shaded arrows in panels A and B denote hyperphosphorylation of
p34RPA. Positions of the three subunits of RPA, p70, p34, and p11, are indicated on the left. (C) SCH8-1 (IR") and ScSV3 (IR®) cells were exposed to 0 to 2,000 rad
of v irradiation followed by 2 h of 32P, radiolabeling as described in Materials and Methods. Lysates from these samples were immunoprecipitated with an anti-RPA
antiserum and fractionated as described above.
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be restored in scid cells and correlated with the gain of an
active DNA-PK kinase.

We also examined whether DNA-PK activity for RPA hy-
perphosphorylation could be discriminated following a single
dose of v irradiation from a ®°Co source (Materials and Meth-
ods). SCH8-1 and ScSV3 cells were compared by varying +y-ir-
radiation doses between 0 and 2,000 rad followed by 2 h of *?P;
labeling. Chromosome 8-complemented scid cells showed in-
creased p34””! hyperphosphorylation under conditions in
which scid cells were relatively unaffected (Fig. 4C). The data
from both of these approaches suggest that the DNA-PK_
deficiency of scid cells impinges upon RPA hyperphosphory-
lation and that DNA-PK_, is likely one of the kinases directly
phosphorylating RPA induced by irradiation. Because RPA
and DNA-PK levels do not appreciably change following IR, it
is likely that these effects are due to colocalization of DNA-PK
and RPA on DNA.

DISCUSSION

The results presented here strongly indicate that the product
of the scid gene is the p350 protein of DNA-PK. In conjunction
with earlier work demonstrating the significance of each Ku
subunit in DSB repair and recombination pathways (6, 7, 56,
59), these data point to a role for the DNA-PK_ subunit in the
same DSB repair mechanisms as Ku. The combined molecular
and biochemical data strongly argue that DNA-PK is a central
multisubunit complex for DSB repair in mammals.

The scid mutation and DSB repair. The scid DSB repair and
V(D)J recombination defects are complemented by yeast ar-
tificial chromosomes containing the DNA-PK_, gene (5). Both
scid and V-3 extracts are deficient for DNA-PK activity that is
restored in V-3 cells with the introduced 300-kb yeast artificial
chromosome (5). Murine scid cells have significantly decreased
DNA-PK,_, protein levels (34, 48), but scid may not be a null
mutation. The radiosensitive human glioblastoma cell line
MO59J lacks DNA-PK_ mRNA and kinase activity in vitro
(37). Our data are also consistent with scid and the p350 gene
being the same gene, since we also show that they map to the
same human chromosome (Fig. 3) and that two DNA-PK
phosphorylation functions are complemented by the intro-
duced human chromosome 8 (Fig. 2 and 4). The combined
data make a compelling argument that the DNA-PK_, gene
product is essential for DSB repair and V(D)J recombination
functions that are deficient in the scid mutation.

Whereas Ku-deficient and p350-deficient mutants clearly
share defects in the same pathways involving DSB repair, the
differences between scid and Ku mutants may be instructive
regarding the respective roles of DNA-PK subunits and the
type of mutations analyzed thus far. The structures of certain
V(D)J recombination junctions in scid gene rearrangements
have clear differences in scid mutants compared with other
DSB repair mutants. First, scid cells allow the formation of
signal junction structures at nearly the wild-type efficiency and
fidelity, whereas coding junction synthesis is significantly im-
paired (reviewed in reference 66). The Chinese hamster cell
V-3 isolate of the scid mutation was found to share the same
bias in V(D)J recombination defects as mouse scid (60). Either
the Ku™ mutants (XRCC5 and sxi-1 groups) or the indepen-
dent XR-I mutant is deficient in both product formation steps
(6, 7, 47, 61). Thus, V(D)J recombination signal junction syn-
thesis may actually have no direct requirement for DNA-PK_
activity. Second, the low level of pseudo-normal V(D)J rear-
rangements in scid lymphocytes frequently are composed of
extended P nucleotides (33, 54). Third, in measurements of
intermediates of V(D)J recombination, immature scid thymo-
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cytes retain hairpin coding ends rather than completed recom-
bination products or dsDNA ends (53). This last finding led to
the hypothesis that a scid function may be the resolution of
hairpins as an essential step in coding end joining.

How might these altered V(D)J recombination structures
and products arise in scid? One model is that the inactivity of
the scid DNA-PK_, disrupts downstream functions dependent
on phosphorylation but does not interfere with the assembly of
an inactive DSB repair complex. This could affect some prod-
uct formation steps profoundly (IR DSB repair and coding
junctions) and other steps weakly or not at all (signal junc-
tions). scid and the DNA-PK -deficient MOS59]J cells do have
normal DNA end binding in vitro (Fig. 2). Since unrepaired
chromosomes may not be able to enter DNA synthesis or
mitosis, the freezing of DSB repair at such a stage may facili-
tate the use of secondary events to overcome the DNA-PK
deficiency. For example, extended P nucleotides in scid would
result from single-strand cleavages significantly distal to the
coding ends. The detection of hairpins in scid lymphoid cells
may have been a consequence of G,- or G,-arrested cells, in a
manner resembling the p53-dependent DNA damage cell cycle
delay (32).

DSB repair substrates for DNA-PK phosphorylation. With
the association of DNA-PK activity and the scid mutation, a
likely scenario is that protein phosphorylation modulates DSB
repair and recombination pathways. This point needs to be
proven by additional experimentation because none of the true
substrates for DNA-PK activity are yet defined in vivo. We
have shown here that a Ku-associated protein will phosphor-
ylate both Ku subunits when associated with DNA beads (Fig.
1). Relevant to our studies, phosphorylation of both subunits
of Ku has been shown in vitro with purified DNA-PK com-
plexes (36). Also, DNA-PK_, is autophosphorylated and has
been suggested to be inhibitory to subsequent phosphorylation
(36). Phosphorylation of Ku may alter the activity of DNA-PK
or influence its assembly and disassembly.

Additional factors already known to be important for IR
repair and/or V(D)J recombination may also be phosphoryla-
tion substrates of DNA-PK. The other DSB repair comple-
mentation group member, XR-1, may well be associated with
Ku/DNA-PK function because of the close similarity in mutant
phenotypes (61). For V(D)J recombination, initiation of gene
rearrangement as well as product formation steps may be in-
fluenced by protein phosphorylation by DNA-PK. The recom-
bination-activating gene RAG-2 is phosphorylated in vivo, and
the stability of the protein is dependent on its phosphorylation
status (39, 40). DNA-PK activity may regulate the transition
from initiation to product formation steps of V(D)J recombi-
nation by phosphorylation of RAG proteins.

Radiation-inducible RPA hyperphosphorylation. We have
shown that RPA hyperphosphorylation is disrupted by the scid
mutation (Fig. 4), consistent with the RPA phosphorylation by
DNA-PK during simian virus 40 replication in vitro (8, 46).
Interestingly, p34®"* hyperphosphorylation is governed by
more than one protein kinase operating in a cascade (25, 41,
46). Purified cyclins/cyclin-dependent kinases (cdks) partially
phosphorylate p34%” in vitro (15, 25, 41, 46), and p34~"
mutations in cdk consensus sites abrogate RPA hyperphosphor-
ylation in vitro and that induced by radiation in vivo (25, 41).
These changes were discriminated by RPA mobility in SDS-
PAGE, because the p34 subunit conformation is acutely af-
fected by phosphorylation. The presence of the scid mutation
also seems to predispose radiation-induced phosphorylation
differently, as we have found that only incompletely phosphor-
ylated products are observed in this response (Fig. 4). The scid
p34%74 products may well be phosphorylated only at the cdk
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consensus sites. In the absence of DNA-PK activity, this results
in only partially phosphorylated p34%”!. Further analysis of
RPA phosphopeptides will be necessary to discriminate among
the phosphorylated sites. Although both DNA-PK and cyclins/
cdks have now been shown to play a role in p34%** hyperphos-
phorylation, additional kinases may also be utilized in radia-
tion-induced or DNA replication functions of RPA.

The significance of p34"*** hyperphosphorylation for cell
metabolism is not yet clear, even though its association with
DNA-PK activity is quite strong. RPA is utilized in excision
repair in vitro, possibly by its binding to sites of single-stranded
DNA lesions (11). For IR repair, RPA may also be involved at
repair sites containing single-stranded DNA or forming dena-
tured DNA ends in the midst of DSB repair. DNA-PK may
govern the accessibility and/or functioning of RPA complexes
at these sites. Since DNA-PK_, and RPA interactions have
been shown to be Ku independent for DNA synthesis (8),
possibly Ku is not needed for DNA repair functions of RPA as
well. An interesting direction for future experiments will be the
role of these intriguing DNA-PK functions.
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